Introduction
The Sterile-20 (Ste20) family of serine/threonine kinases was ®rst discovered, and extensively studied, as an essential component for the pheromone response pathway in Saccharomyces cerevisiae (reviewed in Kyriakis et al., 1996) . Since then, it has also been recognized that this family of kinases plays a key role in several other known yeast signaling pathways. They include the control of morphological changes (formation of mating projections), cytokinesis, response to nutrient starvation, and localizing cell growth with respect to the division plate (Waskiewicz and Cooper, 1995; Schrick et al., 1997; Cvrckova et al., 1995) .
Over the past few years, there has been a tremendous increase in the identi®cation of mammalian homologues of Ste20 kinases. The homology between the mammalian and yeast Ste20s is primarily con®ned in the kinase, or catalytic, domain of these proteins; other regions dier considerably in structures and sequences. Based on the structural organization and functional analogy, these homologues can be placed into two dierent classes.
The ®rst class, known as PAKs, or p21-Activated Kinases, is activated upon binding to guanosine triphosphatases Cdc42 and/or Rac1. Upon binding to Cdc42/Rac1-GTP, PAKs undergo a conformational change, which enables autophosphorylation to occur, and subsequent activation of the kinase (Manser et al., 1994) . Structurally, this class has its catalytic domain within the C-terminus, and a Cdc42/Rac1 interactive binding (CRIB) motif within the amino-terminus (Manser et al., 1994) . The predominant function for PAKs has been considered to be cytoskeletal in nature. For example, this class has been shown to be involved in changes in cell motility (Wu et al., 1996; Brzeska et al., 1997) and morphology (neurite outgrowth from PC12 cells) (Daniels et al., 1998) . In addition, it has been found that the actions of PAKs in regulating the cytoskeleton are partially independent of the kinase activity, and more dependent on changes in structural conformation of the regulatory domain (Daniels et al., 1998) . Besides these eects, PAKs have also been implicated in activating the stress-activated protein kinase (SAPK) pathway.
The second class of Ste20s is referred to as the Sps1 class. The name was derived from one of the ®rst-class members cloned and characterized. This kinase was isolated from yeast as an essential element for encapsulation of the haploid nuclei during sporulation (Friesen et al., 1994) . Structurally, this class has its kinase domain located within the amino-terminus, with the C-terminus having no consensus motifs (i.e., CRIB, SH2/SH3, etc.). Rac1/Cdc42 thus does not activate this class of kinases, and overall little is known about its upstream regulators as well as overall physiological functions. Recently, however it has been shown that HPK1 interacts with the Crk family of adaptor proteins in transducing its signal through the cell, and that this interaction leads to the synergistic activation of the SAPK/JNK pathway as well as the induction of IL-2 expression in Jurkat T cells (Oehrl et al., 1998; Ling et al., 1999) . Besides HPK1, it has also been found that several other Sps1 members are involved in the speci®c activation of the stress-activated protein kinase (SAPK) pathway, and not any of the other known MAPK eukaryotic signaling cascades. These include germinal center kinase (GCK), Nckinteracting kinase (NCK), KHS and HPK/GCK-like kinase (HGK) (Katz et al., 1994; Pombo et al., 1995; Su et al., 1997; Tung and Blenis, 1997; Yao et al., 1999) .
The SAPK/JNKs are members of the mitogenactivated protein kinase (MAPK) family of serine/ threonine kinases, also including ERKs and p38/ mHOG, which are involved in transducing various signals ranging from cell growth and dierentiation to cell death. All of these MAPKs are related in sequence, being activated by dual phosphorylation of regulatory tyrosine and threonine residues, and activate particular transcription factors within the nucleus. The SAPK/ JNK and p38/RK/mHOG signaling pathways are often linked to stress induced growth inhibition and apoptosis. While they are activated by similar environmental stresses, SAPK and p38 are activated by relatively distinct kinase cascades. The most eective agonists for these two pathways include in¯ammatory cytokines such as TNFa and IL-1b, UV radiation, and osmotic shock (Solto et al., 1994) . In contrast, the ERKs are often activated by peptide growth factors, such as EGF and PDGF, and are involved in the induction of immediate early gene transcription leading to cell proliferation or dierentiation.
While pathway involvement has been elucidated for most of the identi®ed Ste20s, little has been determined regarding the potential physiological function for these kinases. Stress-Oxidant Kinase1 (SOK-1) was found to be activated by the addition of oxidant stress, such as hydrogen peroxide (Pombo et al., 1996) . This suggests that SOK-1 may be involved in redox responses within the cell. In contrast, MST1 was recently found to be involved in a caspase-mediated apoptotic response in which the coiled-coil domain of the kinase is cleaved, resulting in activation of the kinase and subsequent apoptosis (Graves et al., 1998) . Here we present the initial characterization of KFC, a novel member of the Sps1 class of Ste20s, in which we provide a detailed description of its structure and that of a splice variant. We have also determined the subcellular localization of KFC. Finally, we present data that indicate KFC's potential to alter the growth properties of chicken embryo ®broblasts and to potentially speci®cally activate the SAPK/JNK pathway. Our studies set the stage for future identi®cation of the KFC-associated signaling pathway(s).
Results
The structure of KFC and its splice variant
The initial identi®cation of this novel Ste20-like kinase resulted from our eort to pro®le expressed tyrosine kinases in chicken erythroblasts and chicken embryo ®broblasts as reported previously (Robinson et al., 1996, 1998 and unpublished data) . After this initial identi®cation, the full-length cDNA was isolated and cloned from 10 day-old chicken embryo ®broblast (CEF) cells. We therefore named this kinase KFC, or Kinase From Chicken. During the cloning of the cDNA for this novel kinase, two dierent transcripts with diering 3' ends were isolated. The unspliced form (KFCL, for long form) consists of a kinase domain (boxed), a serine-rich domain (underlined), and a coiled-coil domain (see below). The splice variant (KFCS, for short form) produced a protein with the same kinase domain, but a diering C-terminal region. Interestingly, the sequence spliced out in the variant is highly rich in serines (underlined in Figure 1a) ; of the 69 amino acids deleted, 22 are serines ± or about 30% (Figure 1a ). The unspliced protein has an open reading frame of 898 amino acids, while the spliced form has an open reading frame of 829 amino acids. In addition to this interesting serine-rich sequence, both isoforms contain sequences with a large abundance of alphahelical structure within the C-terminus. Such sequences have a high propensity to form coiled-coil conformations. Figure 1b shows the results of using a program designed by Lupas et al. (1991) , which compares an entered sequence to a database of known proteins containing similar helical structures believed to form coiled-coil conformations. The readout, requiring a minimum of four consecutive alpha-helical structures, shows that a large portion of the C-terminal tail has a high probability of forming a coiled-coil conformation. This structural motif is often seen in membraneassociated proteins such as cytoskeletal tubulins, agellins and keratins, transactivators like UBx and Rpt1 myosins, and other hetero/homodimerizing proteins (Lupas et al., 1991) . Other Ste20s, such as LOK1 (Kuramochi et al., 1997) and MST1 (Creasy et al., 1996) , have also been reported to have similar conformations. MST1 has also been shown to dimerize via this domain. Inspection of KFC sequence reveals that it has comparable (40 ± 45%) homology within the kinase domain to all the other Ste20s previously identi®ed and minimal homology outside of the kinase domain. We previously suggested that KFC may be de®ning a unique subclass of Ste20s (Robinson et al., 1998) . Since that report other Ste20s have been published, including one called the thousand and one (TAO1) kinase (Hutchinson et al., 1998) . KFC has an 88% identity within the kinase domain and 71% overall to TAO1 kinase ( Figure 1c ). These two kinases most likely belong to the same subclass of Ste20 kinases.
The mitogenic potential of KFCL
In order to explore the potential function of KFC, we developed stable cell lines expressing either KFCS or KFCL. DF-1 cells, an immortalized chicken ®broblast cell line, stably expressing either the full-length KFCL or the splice variant KFCS were established. Figure 2a shows the results of a growth assay done on these cell lines. Fifty thousand cells, pooled from three drug-resistant clones, were plated into 60 mm dishes on day 0 and subsequently counted starting from day 2. Clones expressing the full-length KFCL protein consistently exhibited on average about a 2.5-fold increase in growth rate when compared to the parental DF-1 line alone. This ®gure is comparable to CEF's transformed by oncogenes such as src and ras (Antzack and Kung, 1990) . Interestingly, clones derived from KFCS transfection did not have enhanced growth properties, indicating that the serine-rich region is important in the growth-stimulating function of KFC. To corroborate this ®nding, we have also employed the WST-1 assay, which measures only viable cells. As shown in Figure 2b , this assay yielded similar results. To extend this analysis, we asked whether KFCL was able to induce anchorageindependent growth of DF-1, using soft-agar colony assay. No apparent increase in the soft-agar colony formation potential was observed for KFCL (data not shown). Thus, KFCL induces enhanced growth of CEF, but unlike src or ras, fails to induce anchorage-independent growth of CEF.
The subcellular localization of KFC
To determine where the KFCs (S&L) are located within the cell, HA tagged constructs encoding each form of the protein were transiently transfected into both COS1 and DF-1 cells plated on coverslips. In the absence of an avid antibody against KFC, and one that distinguishes between KFCL and KFCS, we resorted to the standard protocol of overexpressing HA-tagged KFCL and KFCS in COS1 cells. Subcellular localization in COS1 was analysed by using Figure 3b ) are both located within the cytoplasm. The staining pattern is generalized throughout the whole cytoplasm with no apparent compartmentalization observable (even under higher magni®cation). Similar expression was also observed for both isoforms within DF-1 cells (Figure 3c ). This indicates that a dierence in subcellular localization is not apparently responsible for the dierences in mitogenic potential.
The expression profile of KFC
To further probe the physiological role of KFC in chicken development, we investigated the expression pro®le of KFC in various tissues. Initial Northern analysis of CEF cells and the chicken T lymphoblastoid cell line MSB revealed a 5.3 kb band that corresponds to KFC transcripts, but fails to discern the two isoforms (Figure 4a ). We therefore designed sequence speci®c primers for RT ± PCR in an eort to identify the dierent transcripts. Using these primers, KFCL and KFCS should yield PCR products of 1364 bp and 1157 bp, respectively. As shown in Figure   4b , it was determined that both isoforms appear to be ubiquitously expressed, however, at varying levels. The KFCL transcript is most highly expressed in the testes and spleen, with lesser amounts detected in the brain, thymus and liver. In addition, the full-length KFCL isoform is more highly expressed than the KFCS in most tissues studied (after correction of the intensity dierences due to their sizes).
The kinase activities of KFC
To study the kinase activity of KFC, KFCL and KFCS were transiently expressed in COS1 cells. As shown in Figure 5a , KFCL runs as a doublet and KFCS, a singlet. The upper band of KFCL possibly represents a hyperphosphorylated form of this protein, the signi®cance of which has not been further investigated. The kinase activities of KFCL and KFCS were determined by immunoprecipitation with anti-T7 monoclonal antibodies, followed by in vitro kinase reactions. Both isoforms display signi®cant autophosphorylation activities. We were somewhat surprised that KFCL is not more heavily phosphorylated than KFCS, given the presence of an upper band in transfected cells. One explanation is that the hyperphosphorylation of KFCL may be caused by other cellular kinases and not KFCL itself. As mentioned, the C-terminal tail for this class of Ste20s is believed to have a regulatory role towards the kinase's function. It has been shown that for Mst1 and SOK1 (Creasy et al., 1996; Pombo et al., 1996) this non-catalytic tail has an inhibitory eect on the kinase activity. C-terminal deletion mutants produced kinases with higher kinase activity, as measured by in vitro kinase assays. We have constructed a C-terminal deletion mutant, KFCLDC (1 ± 464), removing most of the coiled-coil conformation. As shown in Figure 5b , KFCLDC exhibits a much higher level of exogenous kinase activity towards the substrate, suggestive of an inhibitory function of the C-terminal domain. However, it should be noted that the autokinase activity of the deletion mutant does not seem to increase, and in fact may be slightly lower than the full-length KFCL. We interpret this to mean that some of the autophosphorylation sites reside in the coiled-coil domain of KFCL. Additional studies are needed to more precisely test this hypothesis.
The potential signal pathway of KFC
Having demonstrated the intrinsic kinase activity of KFC, we were interested in studying the possible cellular pathways engaged by this kinase. We tested the potential activation of ERK, SAPK/JNK, and p38/ mHOG by coexpression of KFC isoforms and the GST fusion constructs of the respective MAP kinases in COS1 cells. The GST-kinases were subjected to in vitro kinase assays using appropriate substrates. As shown in Figure 6a , little or no activation of ERK1 was observed for any of the KFC isoforms, as re¯ected by the lack of signi®cant incorporation of 32 P into the MBP substrate. Likewise, p38 is also not activated by KFC isoforms (Figure 6b ), using ATF2 as the substrate for p38 activity. In both cases, positive controls (EGF stimulation of ERK1 in Figure 6a , and sorbitol activation of p38 in Figure 6b ) showed the validity of the assays. Figure 6c shows the activation of Figure 2 (a) Stable DF-1 cells expressing T7-tagged KFCL (diamonds) have a 2 ± 2.5 increase in mitogenic rate as compared to stable line expressing T7-tagged KFCS (squares) or parental DF-1 cells alone (triangles). Fifty thousand cells were initially plated into 6-well plates, containing medium with serum, and counted starting from day 2. Three clones were tested for each stable cell line, with triplicates being done and averaged for each clone per day. The experiment was repeated two other times, with similar results observed. It should be noted that by day 5 KFCL lines were highly con¯uent (475%), and therefore the cell numbers at this time may be underrepresented. Western blots were run to con®rm relatively equal levels of tagged kinase expressed in each stable clone. (b) WST-1 assay representing an increase in viable cell growth rate for KFCL stably expressing DF-1 cell lines (white bars) compared to stably expressing KFCS (light gray) and parental DF-1 cell (black). The procedure followed manufacturer's protocol as brie¯y described in Materials and methods SAPK by KFC isoforms, using c-Jun as a substrate. Both KFCL and KFCS marginally activate SAPK; KFCLDC, however, strongly activates SAPK, comparable to the MEKK positive control, a kinase known to be an upstream activator of the SAPK pathway. These results indicate that, when activated, KFC is speci®-cally involved in the SAPK/JNK pathway, and not the other MAPK cascades.
Discussion
In this report we describe the identi®cation of a new kinase, KFC. KFC is a novel member of a rapidly expanding family of Ste20 kinases potentially involved in the transduction of an extracellular stimuli's eect from the cell surface to the nucleus. In this study we have found that KFC is potentially engaged in a 3 kb transcript using a 618 bp probe from the C-terminus of the sequence. MSB is a chicken T cell lymphoma line. (b) RT ± PCR of total cellular RNA from various chicken tissues was performed as described in the Materials and methods section. Primers were designed to assist in visualizing the presence of the two isoforms. Equal RNA loading was con®rmed by priming to GAPDH (data not shown). Experiments were done at various number of cycles to con®rm that saturation had not been attained pathway leading to the eventual activation of the stress-activated protein kinase (SAPK/JNK). In addition, we have determined its kinase properties, subcellular localization, and most importantly its potential physiological role within the cell.
During our analysis, we discovered that KFC has increased kinase activity when its non-catalytic, Cterminal domain is removed. This would insinuate that the coiled-coil conformation has an inhibitory role towards regulating the kinase's activity towards potential substrates. However, all forms of the kinase studied had signi®cant bands at their respective molecular weights, suggesting autophosphorylation was occurring and that intrinsic kinase activity is present. The C-terminal domain may therefore be a hindrance for exogenous substrates, regulating their accessibility. It is also possible that some of the autophosphorylation sites are present at the C-terminal domain, which negatively regulate the kinase activity.
KFC shows speci®city towards the activation of only the SAP kinase pathway, of the three MAP kinase pathways studied. We speci®cally observed a large amount of activation using the truncated, or`activated' KFCL (1 ± 464) construct, while the full-length forms only slightly increased SAPK activity. The other MAP kinase pathways studied showed no activation from either the full-length or truncated forms. These results suggest that KFC, when activated, participates in this particular signaling cascade. Investigations are ongoing to determine the exact pathway of SAPK activation via KFC, including determining whether MKK4 and/or MKK7 are involved, as well as determining if MEKK1, or other MEKKs, such as MLK-3, TAK1, etc., are involved in the KFC-transduced cascade.
HPK1, for example, has been shown to activate SAPK through both a mixed-lineage kinase-3 (MLK-3) and MKK7 (Kiefer et al., 1996) dependent pathway, as well as through a TGF-b activated kinase (TAK1) dependent pathway . Furthermore, HPK has recently been shown to be a vital component of the TGF-b signaling cascade, as a dominant negative form of this Ste20 inhibits TGF-b stimulation of JNK1 .
Observing KFCL's cellular mitogenic increase (compared to those expressing KFCS) could reveal a physiological function of KFCL (involvement in a cellular proliferation response pathway) and provide evidence that the serine-rich region may be a key, vital structural element to this signaling mechanism. However, preliminary experiments examining the eects of the C-terminal truncation protein on CEF cell proliferation showed no increase in growth rate when compared to parental CEF cells (data not shown). This could indicate that the serine-rich region itself is not the vital element in providing the growth advantage, but may be part of a larger structural conformation required to see the eects.
Such a mitogenic potential has not been reported before for this family of kinases. As mentioned before, MST1/KRS has been shown to be involved in an apoptotic pathway (Graves et al., 1998; Lee et al., 1998) via caspase-mediated cleavage of the C-terminal domain. However, the converse, cellular growth and proliferation, has not been thus far cited. The mechanisms behind this observed eect may be KFC's participation in a proliferative pathway and/or the in vivo activation of SAPK signaling by KFCL transducing a mitogenic cellular response. Support for this In vitro kinase assay analysing KFC's activity. The truncated form of the kinase has signi®cantly higher kinase activity towards exogenous substrates. Lane 1 is the truncated KFCLDC (1 ± 464), lane 2 is full-length KFCS, lane 3 is full-length KFCL and lane 4 is empty vector alone. All kinases were T7-tagged and immunoprecipitated using the monoclonal anti-T7 antibody as described in Materials and methods. Experiments were repeated three times, with similar results each time. In addition, other substrates were tested, including MBP and Histone I, and each revealed similar patterns of activity latter reason is justi®ed by recent studies that have shown that activation of the SAPK/JNK pathway may also be necessary for cell survival and proliferation (Nishina et al., 1997; Smith et al., 1997; Potapova et al., 1997) . The mechanisms by which KFC may be causing this mitogenic event are presently under investigation. We are testing several dierent potential agonists, notable growth promoters, to see if theỳ activate' KFC and therefore incorporate this kinase into the cascade.
As mentioned previously, it appears that KFC and TAO1 may be members of a new subfamily of Ste20-like kinases. While the sequence homology may be signi®cant, there appear to be some apparent potential dierences in cellular function for these two kinases. It was reported that TAO1 bound to and activated MEK3, but not MEK4 or MEK6 in transfected cells, implying that TAO1 has MEKK-like properties along with its role in regulating the p38 stress-response pathway (Hutchison et al., 1998) . Here, KFC was clearly shown not to activate the p38 stress pathway, but instead may be involved in the activation of the SAPK/JNK pathway within the cell. Studies still need to be done to elucidate the precise downstream pathway from KFC. Speci®cally, studies will be designed to determine if KFC, like TAO1, has MEKK-like functional properties. Therefore, these two kinases, even though they apparently belong to the same subclass of the Sps1 class of Ste20s, may have signi®cantly dierent roles within the cell depending upon the speci®c protein-protein interactions.
The expression pattern for KFC revealed the ubiquitous expression of this kinase in all tissues studied, signifying a potential mandatory function within cells, and not a tissue speci®c function for this kinase. In addition, it is apparent that the splice form is also ubiquitously expressed in the same tissues, but often at lower levels. Future endeavors include determining potential upstream regulators, as well as downstream eectors, of this Ste20 kinase, eventually linking a signaling cascade with a physiological function.
Materials and methods

Isolation of cDNA clones encoding KFC and plasmid construction
The isolation and cloning of KFC was previously described (Robinson et al., 1998) . Both the 2694 nucleotide and the spliced variant 2487 nucleotide cDNA fragments were T7 and Figure 6 KFC's interaction within the MAP kinase pathways.`Activated' KFC (KFCLDC) speci®cally activates the SAPK pathway, as shown in (c), and not the ERK or p38 pathways as shown in (a) and (b), respectively. In vitro kinase assays were done for ERK1, SAPK and p38 using MBP, c-Jun and ATF2, respectively, as substrates for each MAP kinase HA-tagged, and cloned into the pRC/RSV expression vector (Invitrogen). Truncated forms were created by using a high ®delity Taq Polymerase (Boehringer Mannheim) PCR reaction with the following antisense primer 5'-CGCTA-TATCTCTGACATCT3' (IDT). The truncated clones were resequenced (WM Keck, Biotechnology Resource/HHMI Biopolymer Lab DNA Sequencing Group, Yale University, USA) to con®rm no mutations were introduced into the rest of the clone. Large-scale preparations were done from transformed single XL-1 Blue colonies (Jet Star/Genomed).
Northern analysis and RT ± PCR
Poly A + RNA was directly isolated from tissues using the mRNA isolation kit (Oligotex, Qiagen). Two micrograms of the isolated mRNA was separated via electrophoresis in a 1.2% agarose/formaldehyde gel and subsequently transferred to a nylon membrane (Amersham Pharmacia Biotech). A 618 bp PCR product probe was labeled with a-32 P-dCTP by random priming (Boehringer Mannheim). The labeled probes were puri®ed through quick-spin columns (Amersham). Prehybridization and hybridization were carried out at 558C for 16 ± 20 h in hybridization solution containing 50% formamide, 56SSPE, 56Denhardts and 0.5 mg/ml of yeast tRNA. Stringent washing was performed at 508C in 0.16SSPE for 1 ± 3 h. The membranes were exposed to Kodak X-ray ®lm at 7708C. Integrity of the mRNA was determined by hybridization to a GAPDH probe, which was labeled and puri®ed as mentioned above.
Total cellular RNA was isolated from chicken tissues using the TriZol RNA reagent (Gibco, Life Technologies) according to manufacturer's protocol. Tissues were isolated from euthanized adult chickens (Care of the Animal Resource Center, Case Western Reserve University). The tissues were homogenized in TriZol, chloroform extracted, and then precipitated using isopropanol. The RNA was resuspended in DEPC-treated water and quantitated using a DU-65 spectrophotometer (Beckman). Five micrograms of RNA were run on a 1% agarose/formaldehyde gel to determine relative RNA quality via the integrity of the native 28S and 18S ribosomal RNA bands. For the RT ± PCR procedure, initially 2 mg of total RNA were reverse transcribed using AMV RT (Boehringer Mannheim), and an oligo dT 20 primer, for 1 h at 428C. An equal aliquot from each RT reaction was then used for PCR using the kinase speci®c forward primer 5'-ATGCGCAAAGGGGTGCCAAAGGAC-3' and reverse primer 5'-GTTCTCCTGCTCATGCTCATGGATC-3'. The cycling parameters used were 948C for 1 min, 588C for 1 min and 728C for 2 min. Experiments were done using various number of cycles, ranging from 25 ± 35, to determine and con®rm that saturation was not reached at the reported 30 cycles in Figure 4 .
Antibodies
Primary mouse monoclonal antibodies against the T7 epitope were obtained from Novagen, while those against the hematagluttinin (HA) were obtained from Babco. Horseradish peroxidase (HRP)-conjugated rabbit anti-mouse IgG was obtained from Jackson ImmunoResearch Laboratories, Inc.
Transfections, cell lysate preparation, and Western blotting COS1 cells, cultured in Dulbecco's modi®ed Eagle's medium (DMEM) high glucose supplemented with 10% fetal bovine serum (FBS), were plated onto 6-well tissue culture plates. COS1 cells, at about 70% con¯uency, were transfected with 4 mg of tagged KFC full-length or truncated forms per well resuspended in 200 ml OPTI-MEM serum-free media (Gibco BRL) along with 24 ml of Lipofectamine (Gibco BRL) according to manufacturer's instructions. After 48 h cells were rinsed twice in ice-cold PBS and then lysed in 400 ml of lysis buer (20 mM Tris pH 8.0, 137 mM NaCl, 10% glycerol, 1% NP-40 and 10 mM NaF) supplemented with protease and phosphatase inhibitors (1 mM PMSF, 1 mg/mL pepstatin A, 0.2 U/mL aprotinin, 0.5 mg/mL leupeptin, and 1 mM Na 3 VO 4 ). The lysates were cleared by centrifugation in a Sorvall MC 12C tabletop. The protein concentrations were determined by the Bio-Rad D c detergent-compatible assay, using bovine serum albumin (BSA, Boehringer Mannheim) as the standard.
Aliquots of lysates were mixed with equal volume of 26SDS ± PAGE sample buer (125 mM Tris-Cl pH 6.8, 4% SDS, 2 mM EDTA, 20% glycerol, 0.6% bromophenol blue), boiled for 10 min and subjected to SDS-polyacrylamide gel (10%) electrophoresis. Prestained Molecular Weight Standards (Bio-Rad Labs) were also loaded to determine protein size. The proteins were transferred to PVDF membranes (Biotechnology Sysems) using a semi-dry apparatus (Bio-Rad Labs). The membranes were then blocked in 3% BSA/TBST (20 mM Tris-Cl, pH 7.6, 137 mM NaCl, 1% Tween-20, 3% BSA) for 1 h at room temperature. After blocking, membranes were incubated with primary antibody for 1 h at room temperature, washed three times for 10 min with TBST, incubated with HRP-conjugated secondary antibody for another hour, and ®nally washed three more times with TBST before being developed by ECL (Amersham) and exposed to BioMax ®lm (Eastman Kodak).
Immunoprecipitations and in vitro kinase assays COS1 cells were cultivated in 6-well plates and transfected, as described above, with the T7-tagged kinase forms (KFCL, KFCS, truncated KFCL). Aliquots of the supernatants were incubated with 1 mg monoclonal T7 antibodies overnight at 48C to immunoprecipitate the tagged kinases. Then, the immunocomplex was captured by adding Protein A-Sepharose (Zymed) for an additional 2 h at 48C. Beads were then washed three times with lysis buer supplemented with protease and phosphatase inhibitors (same as above). The beads were rinsed once with 50 mM Tris-Cl, pH 7.5 and once with a solution consisting of 20 mM HEPES, pH 7.5, 7.5 mM MgCl 2 , and 1 mM DTT. Finally the beads were incubated with 20 ml kinase buer (20 mM HEPES, pH 7.5, 10 mM MgCl 2 , 10 mM MnCl 2 , 1 mM DTT, 5 mg/ml leupeptin, 10 mM ATP, 1 mg substrate (Histone 2B, myelin basic protein, or Histone I)) supplemented with 10 mCi gamma 32 P-ATP per reaction. After a 20 min incubation, the assay reactions were terminated with 20 ml of 26SDS ± PAGE sample buer. The samples were then loaded onto a 15% SDS-polyacrylamide gel and electrophoresed. The gel was then exposed to ®lm, using an enhancer screen, overnight at 7708C. Small aliquots from each transfection were Western blotted against the T7 epitope, to con®rm equal amounts of kinase in each reaction.
MAP kinase assays
COS1 cells were transiently co-transfected with 2 mg of a T7-tagged KFC kinase form, along with either 2 mg of GSTfused ERK1, SAPK-b or p38/mHOG expressed in the pEBG vector. After 48 h, cells were lysed, cleared and quantitated as described above. Lysate samples were incubated with Glutathione Sepharose 4B beads (Amersham) overnight at 48C to precipitate the GST-fused MAP kinase. The beads were then washed four times with lysis buer, supplemented with protease and phosphatase inhibitors, washed once with 50 mM Tris-Cl and 1 mM DTT, and twice with minimum kinase buer (40 mM Tris-Cl and 10 mM MgCl 2 ). Then the beads were resuspended in full kinase buer (50 mM Tris-Cl, 10 mM MgCl 2 , 1 mM DTT, 5 mM ATP, 1 mg/reaction of substrate) supplemented with 10 mCi/reaction of [ 32 Pg]ATP. MBP (Sigma), c-Jun (1 ± 79 a.a., BioMol), and c-AFT2 (1 ± 96 a.a., Santa Cruz Laboratories) were used as substrates for ERK1, SAPK, and p38 reactions, respectively. Stimulation with 100 ng/ml epidermal growth factor (EGF) and 400 mM sorbitol for 30 min prior to lysis was used as positive controls for the ERK1 and p38 assays, respectively, while cotransfection with 2 mg of MEKK was used as a positive control for the SAPK assay. Reactions were run and terminated as described above. The samples were loaded onto 12.5% SDS-polyacrylamide gels, electrophoresed, and then exposed overnight to ®lm with an enhancer at 7708C.
Immunofluorescence and subcellular localization COS1 and DF-1 cells were plated in 100 mm tissue culture plates in DMEM with 10% FBS containing several sterile coverslips, and incubated overnight at 378C. Then cells were separately transfected with 6 mg of HA-tagged KFCL and KFCS as described above. After 48 h, cells were ®xed with a 50% methanol/acetone for 10 min at 48C, air-dried, washed once with PBS, and incubated with 3% BSA/PBS blocking solution for 1 h at room temperature. Afterwards, the coverslips were incubated with monoclonal HA antibody (1 : 250 dilution) for 1 h at room temperature, washed three times with PBS, and then incubated with the¯uorescein isothiocyanate (FITC)-conjugated goat anti-mouse secondary antibody for 1 h at room temperature. Finally, the coverslips were washed two times with PBS prior to examining the cells via a¯uorescent microscope (Zeiss).
Establishment of stable cell lines and growth assays
DF-1, a chicken ®broblast cell line, was initially cultivated in 100 mm tissue culture plates in DMEM containing 10% fetal bovine serum. At 70% con¯uency, cells were transfected with T7KFCL/RSV or T7KFCS/RSV constructs as described above. After 48 h of incubation in 10 ml of full media, the transfected cells were treated with 400 mg/ml of G418, a Neomycin analog (Gibco BRL). After 2 ± 3 weeks of selection, clonal foci were picked using sterile clonal rings (Bellco Glass, Inc) and cultured individually under continuous G418 selection. Protein expression within each clonal line was con®rmed by Western blotting.
The WST-1 (Boehringer Mannheim) colorimetric assay was performed according to manufacturer's protocol. Brie¯y, clonal lines were plated in 96-well plates at 2000 cells per well in 100 ml of DMEM plus 10% FBS. On consecutive days, 10 ml of the WST-1 reagent was added to each well, and after 3 h of incubation at 378C, absorbance readings were done at 490 nm using a Lambda 96 well plate reader (PerkinElmer).
